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A Recording Photoelastic Stress Meter 
Authors report on the development of an instrument for 
recording transient stresses at a point. A specific 
application is described 
by R. Gardon, R. W. Bayma and A. Warnick 
ABSTRACT--An instrument for automatical ly making 
photoelastic measurements of stress is described. I t  
may  be used for recording transient  stresses at  a point  or 
for scanning spatial stress distributions. I t s  use is illus- 
t ra ted by an application entailing the measurement of 
transient thermal  stresses in a viscoelastic material.  
Introduction 
W h e n  a p p l i e d  to  t h e  m e a s u r e m e n t  of  transient 
s t resses ,  c o n v e n t i o n a l  p h o t o e l a s t i c  m e t h o d s  h a v e  
c e r t a i n  d r a w b a c k s .  T h e  m o s t  gene ra l  a p p r o a c h ,  
R. Gardon and A.  Warnick are Principal Research Engineer and Principal 
Research Scientist, Scientific Research Staff, Ford Motor Co., Dearborn, 
Mich. R. gr. Bayma is Graduate Student, Information and Control Engi- 
neering Program, University of Michigan, Ann  Arbor, Mich. 
Paper was presented at 1966 S E S A  Spring Meeting held in Detroit, Mich., 
on May 4-6. 
t h a t  of  t a k i n g  m o v i n g  p i c t u r e s  of  i n s t a n t a n e o u s  
f r inge  p a t t e r n s ,  en ta i l s  r a t h e r  l a b o r i o u s  i n t e r p r e t a -  
t ion . i '  = W h e r e ,  a s  is o f t e n  t h e  case,  t h e  t e m p o r a l  
v a r i a t i o n  of  s t r e s ses  is r e q u i r e d  to  be  k n o w n  a t  one  
p o i n t  o n l y - - s o  t h a t  one  wou ld  a c t u a l l y  use  on ly  a 
s m a l l  f r a c t i o n  of  t h e  i n f o r m a t i o n  c o n t a i n e d  in t h e  
p i c t u r e s - - o n e  can  r e s o r t  to  s imp le r  t echn iques .  
T h e  c o u n t i n g  of  f r inges  as  t h e y  pa s s  t h e  p o i n t  in 
q u e s t i o n  is one.  H o w e v e r ,  i t  l acks  r e so lu t ion ,  
e spec ia l ly  where  t h e  t o t a l  n u m b e r  of  f r inges  is 
smal l .  T h e  use o f  a c o n v e n t i o n a l  B a b i n e t  or  s imi la r  
c o m p e n s a t o r  is o f t en  ru led  o u t  b y  t h e  i n a b i l i t y  of  a n  
o p e r a t o r  to  fol low r a p i d l y  c h a n g i n g  s t resses .  3 
Th i s  p a p e r  r e p o r t s  on  a n  i n s t r u m e n t  for  a u t o -  
m a t i c a l l y  r eco rd ing  t r a n s i e n t  s t resses  a t  one  po in t ,  
which  is mulch s imp le r  to  use  t h a n  t h e  u s u a l  cine- 
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Fig. 1--Optical system of recording stress meter 
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matographic  technique, has a be t te r  resolution 
~han the counting of fringes and a much  faster  
response than  could be achieved with a conven- 
tional, manua l ly  operated compensator .  Though  
conceived for the measurement  of t rans ient  stresses, 
the  ins t rument  m a y  also lend itself to applications 
such as the au tomat ic  scanning of spatially varying 
stress distr ibutions as, for example, in finished glass 
par t s  on a product ion line. 
Since the present  development  had  its roots in 
work with glass, the  recording stress me te r  will be 
described with an optical sys tem suitable for t rans-  
parent  specimens. However ,  its principle should 
be equally applicable to other  optical  systems,  such 
as those involving photoelast ic  coatings and reflec- 
t ion optics. 
Description of Apparatus 
The  optical sys tem of the recording stress m e t e r - -  
as set up for studies of the temper ing  and  annealing 
of glass-- is  shown in Fig. 1. A collimated beam of 
light, polarized a t  45 deg to the axis of a glass speci- 
men G, is passed edgewise through the specimen. 
For annealing, this is located in a furnace having 
two small, diametrical ly located windows. Lens L1 
forms an image of the edge of the  specimen in the 
Fig. 2--Stress distribution in mildly tempered glass. 
Small rectangle represents that part of image 
admitted to the fringe scanner 
plane of the  Babinet  compensator  B, while a second 
lens L2 images bo th  the specimen and the  Babinet  
on a screen $1. With  the  interposit ion of the  
analyzer  A, a pa t t e rn  of fringes is projected on the  
screen. The  pa t t e rn  produced by  the  Babinet  
alone is a sys tem of parallel s t ra ight  lines a t  r ight 
angles to the  specimen. A parabolic stress distri- 
but ion in the specimen then  produces corresponding 
parabolic fringes, as shown in Fig. 2. 
So far we have  described a conventional  photo- 
elastic sys tem with a compensator .  We now add a 
small mirror  M, which is moun ted  on a galvanom- 
eter. I t  is used to reflect the image of the  fringes 
onto a second screen $2, in which there is a short  slit 
to isolate a narrow beam of light t ha t  has  passed 
through the mid-plane of the  specimen. This  
beam is allowed to fall on a r ight-angled pr ism R, 
which serves as a beam-spl i t te r  and divides the  light 
between two matched  photocells C. These are 
differentially connected and  serve as the  sensing 
element  of an electronic control sys tem which sup- 
plies current  to the ga lvanometer  and, thereby,  
positions the  mirror  in such a manner  as to main-  
tain a selected point  of  a selected fringe centered on 
the  apex of the  beam splitter. Thus,  a change of 
the  local s tress in the  specimen (or a m o v e m e n t  of  
the  Babinet)  is t rans la ted  into a small com- 
pensa tory  rota t ion of the  mir ror -ga lvanometer ,  and 
the  current  used to produce this becomes a measure  
of the  change in optical re tardat ion.  This  use of a 
ga lvanomete r - - ins t ead  of some servomotor  to 
reposition the  B a b i n e t - - m a k e s  for a very  simple 
and inexpensive system. The  required dynamic  
response and  s teady-s ta te  accuracy are obtained 
b y  integrat ing the  d-c error signal f rom the photo-  
cells with an operat ional  amplifier. The  circuit 
d iagram is shown in Fig. 3. 
Before using the  ins t rument ,  the selected fringe 
m u s t  be aligned with the photocells. To  do this, 
the  Mode Selector (cf. Fig. 3) is switched to Reset ,  
which also allows the  mirror  to be  ro ta ted  a t  will b y  
means  of the Ini t ial  Posit ion Control.  The  initial 
sett ing of the ins t rument  can thus  also be  ma tched  
to any  non-zero initial stress in the specimen. The  
ad jus tmen t  need only be approximate ,  since in the  
Operate  mode the  fringe scanner ins tant ly  locks 
onto the  neares t  fringe. Henceforth,  any  change in 
stress (and corresponding displacement of the  
fringe) is continuously compensa ted  for b y  ro ta t ion  
of the  ga lvanometer -mir ror ,  and the  required 
galvanometer  current  is recorded. Finally, the  
Automat ic  Rese t  mode  permits  remote  and auto-  
mat ic  switching f rom Operate  to Rese t  and back  
as successive specimens are introduced into the 
optical  system. 
I t  m a y  be of interest  to note t h a t  the  slit in 
screen S~ tha t  admi ts  light to the fringe scanner 
is 0.050-in. wide, corresponding to abou t  1/20 of the  
(magnified) image of the  edge of the  specimen.* 
To  maximize the  optical  gain of the  scanning sys- 
* The  par t  of the image admitted to the fringe scanner is outlined in Fig .  2. 
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Fig. 3--Circuit  d iagram of recording stress meter 
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tern, the  length of the  slit (t/4 in.) is abou t  equal to 
one fringe spacing. The  photocells used are Clairex 
type  603-A cadmium-selenide photoconduct ive  
cells, chosen for their  small size, sensi t ivi ty and 
relatively rapid response. At the  level of illumina- 
t ion used, they  have  a t ime constant  of approxi- 
ma te ly  10 msec. Thei r  peak  spectral  response is 
in the  near  infrared range a t  7350 A. Because of 
their  low response to fluorescent lighting and their  
differential connection, the ins t rument  can be used 
with normal  room illumination, and its operat ion is 
unaffected by  changes in this illumination. Since 
only one fringe is involved in the  operat ion of the  
ins t rument ,  there  is no par t icular  advan tage  to 
using monochromat ic  light. Indeed,  it is more  con- 
venient  to use white light, which makes  identifica- 
t ion of the  fringes easier. The  black, zeroth-order 
fringe is usually used, though the  fringe scanner will 
also operate  locked onto some of the  other  low-order 
fringes. 
Performance 
The  present  ins t rument  was designed to measure  
stress-induced optical re ta rda t ion  over  a range of 
7000 m#.~ I t s  zero is arbi t rar i ly  adjus table  b y  
the  position of the  Babinet ,  so t ha t  it can be used 
from, say, - 2 0 0 0  mtt (compression) to +5000 m# 
(tension). The  to ta l  range is determined by  the  
permissible ro ta t ion  of the galvanometer ,  the fringe 
spacing of the  Babinet  compensa tor  and its mag- 
nification by  the  lens L2. I t  can readily be  in- 
t The m/t (millimieron) is used here as the unit  of retardation, wh i ch - -  
unlike the number of  f r inges-- is  independent of the wavelength of light used. 
I n  terms of the sodium D line, one fringe spacing corresponds to 589 m#, 
and the range of the instrument is therefore approximately 12 fringe orders. 
creased by  using a Babine t  with a closer spacing 
of fringes. 
The  ins t rument  is being used in conjunction with 
a 10-my full-scale recorder. By  means  of the  ad- 
j u s tmen t s  provided,  the  calibration can be set to 
whatever  scale of stress m a y  be convenient,  say 500 
m# re ta rda t ion / in ,  of char t  paper.  Basically the 
electrical ou tpu t  of the  device is a linear function 
of the fringe displacement;  however,  some non- 
l inearity is int roduced into the  over-all  sys tem by  
the  inexpensive optical  elements  used (cf. ordinate 
scale of Fig. 4). 
Calibrat ion is accomplished by  making  the  fringe 
scanner  follow mechanical  displacements  of the 
Babine t  compensator ,  the  position of which is pre- 
cisely adjus table  by  means  of a micrometer .  
A slight hysteresis,  p robably  of mechanical  origin, 
l imits the reproducibil i ty of readings to abou t  10 
m#, which represents  0.15 percent  of the range of 
the  instrument .  The  accuracy of recordings is 
l imited mainly  by  the  m o v e m e n t  or v ibra t ion of the  
specimen and is, of course, best  where stress gra- 
dients are small, so t ha t  slight lateral  displacements  
of the  specimen have  litt le effect on the  stress " seen"  
by  the  ins t rument .  
The  largest  s tep-funct ion to which the  ins t rument  
m a y  be subjected is one-half  of a fringe spacing. 
I t s  response to a small s tep function, as for example 
during the  switching f rom an imperfect ly  adjus ted  
Reset  to Operation,  is pract ical ly instantaneous.$ 
The  ins t rument  was designed to follow a r a m p  input  
of a 2 fr inges/sec with a s t eady-s ta te  er ror  of 1/50 
++ Such a "stzp'" can advantageously be used as a synchronization mark,  as 
shown in Fig. 4. 
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fringe, i.e., abou t  10 m#. I t  can, therefore, follow 
even the  mos t  rapid stress changes to which it is 
being subjected with negligible lag. I t s  na tura l  
f requency is abou t  15 cps. 
An Application 
Figure 4 il lustrates some results obtained in the 
applicat ion of the recording stress mete r  to a s tudy  
of the  temper ing of glass plates. 
Temper ing  entails heat ing the  glass to a tem- 
pera ture  high enough for stresses in it to relax. 
The  hot, substant ia l ly  stress-free glass is then  sub- 
jected to intense quenching, which rapidly cools it 
th rough the  t empe ra tu r e  range in which glass is 
viscoelastic. The  interplay of t rans ient  thermal  
stresses and (partial) stress relaxation while the  
glass is still hot  produces pe rmanen t  stresses, 
" f rozen" into the  glass, which serve to s t rengthen 
it b y  compressively prestressing its surfaces. The  
stress distr ibution across the thickness of the glass 
is parabolic,  the surface compression being balanced 
by  internal  tension. This  tension is greatest  in 
the mid-plane of the glass and is commonly  used as 
a measure  of the  degree of temper .  With  the  pres- 
ent appara tus ,  we can measure  not  only its final 
value but  also its evolution during the  quenching 
process. 
For  purposes of comparison, curve (A) of Fig. 4 
shows the  t empora l  var ia t ion of (calculated) 
thermal  stresses in the  mid-plane of an elastic 
plate during quenching f rom a uniform, high tem-  
perature.  These stresses would be compressive 
throughout .  They  would increase f rom an initial 
zero to a m a x i m u m  at  the  ins tant  t empera tu re  
gradients th rough  the  glass are a t  their  maximum,  
and re turn  to zero as the  plate  re turns  to isothermal 
conditions a t  room tempera ture .  
Curves  (B) and (C) are recordings of two charac- 
teristically different s t ress- t ime histories in glass 
plates undergoing tempering.w Curve (B) was 
recorded with glass initially hot  enough for vis- 
cous stress relaxation to be practical ly instan- 
taneous,  so t h a t  no the rma l  stresses arose during the 
early stages of quenching, while t empera tu re  gra- 
dients in the glass were increasing. "Solidification" 
of the  glass occurred only af ter  t empera tu re  gra- 
dients had  begun to decrease again. This  evoked 
a tensile stress in the  mid-plane, which increased 
monotonical ly to a final, pe rmanen t  value approxi-  
ma te ly  as large as the  m a x i m u m  t e m p o r a r y  com- 
pression shown by  curve (A). Curve  (C) refers to 
glass quenched f rom a lower tempera ture ,  so tha t  
it solidified earlier in the  process, while t empera tu re  
gradients were still increasing. This  undesirable 
w I n  Fig.  4, stresses are recorded in terms of the stress-induced retarda- 
tion, R ,  in mtt. To convert this into conventional units of stress, the follow- 
ing equation is used: 
R 
(PI - -  P~) = ~ X B 
where Pz and P~ are the two principal  stresses (psi) (in the present case 
P2 = 0), L is the optical path length (in.), and B the stress-optical 
coefficient [psi /  (m#/ in . )  ] (cf. Ref.  3).  
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(h)  Calculated for Glass-Like 680  
Elast ic M a t e r i a l  
(B) Experimental for Glass 7 4 5  
(C} Experimental for Glass 613 
G l a s s  T h i c k n e s s  = 0.61 cm 
Quenching Coeff icient = 0 . 0 0 5 5  cal /cm2'~ 9 sec 
O p t i c a l  P a t h  Length = 2 . 4 6  cm 
R e t a r d a t i o n  of I 0 0 0  m~. therefore  cor responds  to o st ress  
of approximately 2 2 0 0  PSi  
Fig. 4--Stresses in the mid-plane of glass plates 
during tempering 
condition resulted in some t empora ry  compression 
of the mid-plane of the g lass - -as  with the elastic 
plate. With  time, this compression diminished 
again, par t ly  on account  of stress relaxation, par t ly  
on account  of the reversal  f rom increasing to de- 
creasing t empera tu re  gradients. Ul t imately,  the  
effect of the  la t ter  predominated,  again bringing 
into being a p e r m a n e n t - - t h o u g h  somewhat  reduced 
- - t ens i le  stress in the  mid-plane of the  glass. 
A fuller account  of the s t ress - t ime-pos i t ion  his- 
tory  of glass undergoing temper ing is given in Ref. 2. 
I t  is complicated by  the  fact  that ,  during the initial 
stages of quenching, the  stress distributions are not 
parabolic and change in shape as well as magni tude.  
Figure 7 of Ref. 2 clearly shows this with the  aid 
of selected f rames  of c inematographic  records of 
various temper ing t rea tments .  Thei r  fur ther  dis- 
cussion is beyond our present  scope. Suffice it to 
note tha t ,  where a full account  of stresses a t  all 
points is not  required, the  direct recording of s t ress -  
t ime histories at  selected points is much  the simpler 
procedure. 
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